Abstract-This paper evaluates the large-scale channel parameters and the cell-edge coverage for various LTE-WiFi based, heterogeneous networks. Real world urban databases are incorporated into two separate 3D ray tracing software tools, specifically designed for the characterization of both microwave and millimeter (mm)-wave radio links. The study is performed for both LTE-800MHz and LTE-2.6GHz macro-cell configurations whereas it demonstrates the coverage enhancement attained by deploying 802.11n/ac/ad micro-cell structures. The significance of this study lies on the radio planning aspects of future heterogeneous networks.
I. INTRODUCTION
The remarkable increase of mobile broadband data traffics follows an exponential growth at a compound rate of 108%. This growing demand gives rise to a capacity challenge with an estimated average increase of 29% per year [1] . LTEAdvance offers a promising energy efficient solution to increase cellular capacity that could potentially offload the high power and expensive macro-cell Base Stations (BSs). This can be achieved through the deployment of low-power macro/femto relay BSs in the so-called Heterogeneous Networks (HetNets) configurations.
Several recent studies have investigated the enhanced coverage and throughput performance of joint macro-pico-cell networks. However, most of the available work focuses on LTE based HetNets [2] or on macro-relay networks [3] .
To the best of the authors' knowledge, there is no existing study in literature that characterizes the large-scale parameters and cell-edge coverage with respect to different outdoor pico and macro-cell deployments. To address this issue, the presented work provides an enhanced study on the signal degradation of various macro and pico-cell scenarios. More specifically, LTE-800MHz and LTE-2.6GHz are considered for the case of macro-cell study. For the pico-cell deployment 802.11n, 802.11ac and 802.11ad systems are investigated. It is important to mention that the presented study was based on realistic channel matrices generated with the aid of advanced 3-D ray-tracing tools developed by the University of Bristol, UK.
The remainder of this paper is organized as follows: Section II provides a comprehensive overview of the channel generation process and the antennas configuration for microwave and mm-wave links. In Section III, the modeling methodology that is followed for the macro-cell deployments is provided. Section IV presents the corresponding results for the microcell configurations. Finally, Section V presents key conclusions drawn from this work.
II. CHANNEL GENERATION AND ANTENNAS CONFIGURATION

A. Channel Generation for Microwave Links
The spatial and temporal multipath components of the propagation channel between each base station (BS) and user location are modelled using a 3 dimensional (3-D) outdoor raytracing tool developed at the University of Bristol. The same tool has been successfully used in previous studies for the modelling of various propagation environments [4] .
Point-source ray tracing provides information on the amplitude, phase, time delay, azimuth and elevation Angle of Departure (AoD) and Angle of Arrival (AoA) of each multipath component (MPC). The complex gain of each MPC were adjusted according to the transmitting and receiving antenna electric field pattern response for the corresponding AoD/AoA and polarisation. The generalized expression for the doubledirectional time-variant channel impulse response h for a dynamic channel link is given by [5] :
where,
In the above equation . The antennas for both LTE-800MHz and LTE-2.6GHz have been measured in the University of Bristol's anechoic chamber and have a directivity of 13 dBi.
On the other hand, at the receiver side, the users are assumed to employ the same omni-directional antennas as in the case of Wi-Fi systems. The antennas patterns employed for the case of microwave links are illustrated in Fig. 1 .
B. Channel Generation for mm-wave Links
To have an insight of the outdoor mm-wave cellular systems, a 3D ray tracing tool has also been developed for the case of 60 GHz transmissions. The model is a modified version of the indoor channel model proposed by IEEE 802.11ad channel for 60 GHz WLANs [6] . Taking into consideration the reflection loss and foliage attenuation, the outdoor ray-tracing provides accurate temporal and spatial information of significant paths, including the direct link, as well as the first and second order reflections from building walls, between each base-station and user location.
The signal strength is attenuated due to reflections from building walls. Instead of employing the statistical model provided in [6] , the reflection loss for the case of perpendicular polarized transmissions is predicted by the following expression [7] :
where is the incident angle and denotes the dielectric constant, the value of which is set as 6.5 − 0.7 for concrete structure [7] . Furthermore, the signal attenuation due to foliage is given by:
where is the central frequency and is the depth of foliage in meters [8] .
To compensate for the large propagation loss in mm-wave channels, a uniform linear array with 32 antennas is employed at the BS to perform a codebook-based beamforming (BF). The codebook design considered in this paper is based on the proposed codebook provided in [9] , and is specified by an matrix :
where is the number of antennas and is the number of feasible beams. The function ( ) returns the biggest integer smaller than or equal to and function ( , ) is − with = ( / ). The array factor for the − ℎ column vector of the codebook matrix is:
where is the wavelength and is the antenna separation. denotes the polar angle in respect of −axis, given that antennas lie along −axis. Fig. 2 illustrates the beam patterns created using the above mentioned codebook with = 32 and = 64. 
III. MACRO-CELL MODELING AND COVERAGE PREDICTION
For the case of macro-cell study, both LTE-800MHz and LTE-2.6GHz have been considered. More specifically, 20 BSs were randomly placed in realistic locations within a 4x4Km ray-tracing map of the city of Bristol, UK. The height of the BS antennas was set at 30 m above the ground level, and the transmit power was set to 45 dBm, which is well below the OfCom (Office of Communications, UK) regulations [10] .
The present study was funded by the EPSRC grant on: "Seamless and Adaptive Wireless Access for Efficient Future Networks." (SERAN). For each of the base stations, 1000 User Equipment (UE) locations were randomly chosen within a radius of 1 Km from the BS. The UE terminal height was set to 1.5 m above the ground level. Therefore, 20000 links were simulated in total for each macro-cell scenario. Various exemplary BS to UE link scenarios for LTE-800MHz s are illustrated in Fig. 3 .
To characterize the path-loss trend from the measured data, the well-known linear regression model was employed [11] :
where ( ) is the link-loss (in dB) at a distance from the BS, denotes the reference path-loss at a distance , which was 50m for LTE macro-cells, is the path-loss exponent and is the shadowing term , which is a zero-mean Gaussian distributed random variable with standard deviation . Both and are expressed in dB units. The results for the path-loss evaluation of LTE-800MHz and LTE-2.6GHz are depicted in Fig. 4 and Fig. 5 respectively. The shadowing term was found to have an approximately constant value with distance for both LTE macro-cell scenarios. This becomes apparent from Fig. 6 where the variation of shadowing with respect to the UE distance from the BS is illustrated. The predicted channel parameters are summarized in Table I . These metrics can be used in order to evaluate the probability that the received signal will exceed a particular level. In the presented study this level represents the receiver sensitivity and was set to -95 dBm.
The probability that the received signal will exceed (outage) is given by the following expression:
Combining Eq. 7 and Eq. 8 the resulting probability is given by:
where denotes the transmitted power and ( ) returns the function of the argument . Please, note that ( ) and are related as follows:
4 Km The coverage shown in Table I , is the solution of Eq. 9 with respect to distance for 99% outage.
IV. PICOCELL MODELING AND COVERAGE PREDICTION
For the the pico-cell study, the 802.11n, 802.11ac and 802.11ad standards are investigated. The central frequencies used for the ray-tracing simulations were 2.4 GHz, 5.25 GHz and 60 GHz respectively. In the remainder of this section, the large-scale and coverage parameters are provided for the presented pico-cell scenarios.
A. Evaluation of 802.11n and 802.11ac pico-cells
For the case of 802.11n study, 200 BSs have been randomly placed within the Bristol ray-tracing database. Following similar pico-cell studies [2] , the height of the BS antennas was set at 5 m above the ground, whereas the UE height was at 1.5 m. Furthermore, the transmitted power was at 20 dBm and the receiver sensitivity was set to -95 dBm. A total of 20000 profiles were created for the purpose of the 802.11n propagation study. For all the pico-cells scenarios the reference distance was set to 5m.
Exemplary pico-cells within the Bristol map, as well as the links among the BSs and the user terminals, are illustrated in Fig. 7 . The large-scale and coverage parameters for the 2.4 GHz links were modeled following the procedure described in the previous section. The simulated results for the purpose of path-loss evaluation, as well as the distribution of shadowing with respect to distance are illustrated in Fig. 8 and Fig. 9 respectively.
An interesting feature which is revealed in Fig. 9 is that in the case of Wi-Fi pico-cells scenarios, the shadowing increases with distance in a linear mode. As it will be shown in the next paragraphs, this is a common characteristic for all types of pico-cells considered in this study. The physical insight behind this finding is that a low antenna height influences the variation of signal loss around its mean value. More specifically, at shorter distances the surrounding structures have less of an impact in the direct link transmission between the BS and the UE. On the other hand, as the UE moves away from the transmitter range, the contribution of the surrounding scatterers becomes more significant.
In the case of macro-cell propagation the antenna height implies a constant impact of the surrounding scatterers in the received signal, since the macro-cell BS illuminates the cell area.
For the 802.11ac study, the set-up was similar to the one used for the 802.11n pico-cells. Fig. 10 illustrates the simulated results and the model prediction for 802.11ac pico-cells. A similar behavior with the 802.11n study, is obtained for the variation of shadowing with distance. 
B. Evaluation of mm-wave pico-cells
For the mm-wave pico-cell study, 20000 links have been generated within the Bristol data base, using a 3-D ray-tracing software, specifically developed for the purpose of modeling mm-wave propagation. The transmitted Effective Isotropic Radiated Power follows the regulations referred in [9] and was adjusted accordingly at the maximum value of 51.8 dBi. The results for the link path-loss and shadowing with respect to distance are depicted in Fig. 11 .
It is apparent from the above figure, that the (BF) gain is approximately 30 dB when compared to the non-BF (NBF) case. Furthermore, BF has a significant impact in the pico-cell coverage distance. A summary of the large-scale parameters as well as the cell-edge coverage for all the pico-cell types considered in this study, is demonstrated in Table II . Results indicate that for the case of pico-cells, shadowing is linearly dependent on distance while no significant dependency was observed for the case of macro-cell configurations. Furthermore, assuming 99% reliability, the coverage enhancement provided by pico-cell-deployments is 75, 60 and 30m for the aforementioned WiFi standards.
Future work will extend this study by incorporating realistic channel matrices into appropriate system-level simulators for the purpose of performance evaluation of future HetNet architectures.
